Background: Immunostimulatory therapies targeting immune-suppressive pathways produce durable responses in advanced solid tumors. Indoleamine 2,3-dioxygenase (IDO) is the rate-limiting oxidoreductase that catalyzes the degradation of tryptophan to kynurenine. IDO induces immune tolerance by downregulating CD8+ and effector CD4+ T cell responses. IDO1, the most active isoform, is expressed in diverse tumor types and can be targeted using small molecule inhibitors. We used an objective, in situ assay to measure IDO1 in a collection of hormone receptor-positive breast cancers (HR+ BC). Methods: IDO1 protein was measured using quantitative immunofluorescence in 362 stage I-III HR+ BC represented in tissue microarrays. IDO1 levels were determined in the tumor and stroma, and stratified using median cut-point. Associations between IDO1, clinico-pathological features and CD3+, CD8+, CD20+ and FOXP3 tumor-infiltrating lymphocytes were examined using χ 2 and Mann-Whitney tests. Survival was studied using Kaplan-Meier estimator and a proportional hazards model. All tests were two-sided. Results: IDO1 protein was observed in 76.2% of HR+ BC. There was no association between IDO1 and major clinico-pathological characteristics. Increased IDO1 correlated with decreased CD20+ infiltration (P = 0.0004) but not with CD3+, CD8+ or FOXP3 levels. Elevated IDO1 expression was associated with worse 20-year overall survival (log-rank P = 0.02, HR = 1.39, 95% C.I.: 1.05-1.82). IDO1 scores were independently associated with outcome in multivariable analysis.
Background
Hormone-receptor positive breast cancer (BC) accounts for 60-80% of all breast malignancies [1, 2] . Despite having a better prognosis than other BC subtypes, progression to metastatic disease occurs inevitably in over 20% of patients. Following the first metastasis, the median overall survival ranges between 1.3 to 2.2 years [3] . While adjuvant chemotherapeutic regimes have achieved up to 23% mortality reduction in estrogen receptor (ER)-positive, node-positive disease [4] , targeting estrogen receptor or its biosynthesis has only achieved incremental improvements in disease-free survival [5] [6] [7] [8] .
Current therapeutic strategies targeting immune inhibitory molecules such as Programmed Death 1 (PD-1) and its ligand PD-L1 have shown prominent clinical responses in diverse tumor types [9] [10] [11] [12] . Different studies have shown that tumor PD-L1 protein expression is associated with increased benefit from PD-1 axis agents in melanoma, lung adenocarcinomas and bladder tumors. In BC, PD-L1 is expressed at higher levels in hormone-receptor negative disease, suggesting a prominent role of this pathway in tumor immune evasion [9] [10] [11] . In ongoing studies of advanced triple-negative BC, PD-1 targeting agents induce anti-tumor responses in 18.5-33% of cases [12] [13] [14] [15] [16] [17] . The levels of PD-L1 and lymphocyte infiltration are lower in hormone-receptor positive BC. Consistent with this notion, the objective response rates to PD-1 blocking antibodies in metastatic BC, including hormone receptor-positive cases, is only 5.4% [18] . Taken together, these data indicate that the PD-1 axis is unlikely to be a key immune evasion pathway in HR+ BC.
Indoleamine 2, 3-dioxygenase (IDO) is the rate-limiting oxidoreductase that catalyzes the degradation of tryptophan to kynurenine, leading to the production of NAD + [19] . In humans, 2 IDO isoforms have been identified: IDO1 and IDO2. Both isoenzymes are encoded by different genes and share 43% sequence homology. IDO1 is catalytically more efficient than IDO2 and accounts for most of the measurable tissue IDO activity. The capacity of IDO to induce immune tolerance was demonstrated through the disruption of placental immune privilege with the IDO inhibitor 1-methyl-D-tryptophan (1-MT, indoximod, NLG-8189) [20] .
IDO is primarily detected in tumor cells [21] and in myeloid antigen presenting cells in tumor-draining lymph nodes [21] [22] [23] [24] [25] [26] . IDO induces local tryptophan depletion and increases inhibitory kynurenine metabolites. Additionally, depletion of amino acid triggers a rise in the amount of uncharged transfer RNA, which in turn, activates general control nonderepressible 2 (GCN2) kinase and therefore, a decrease in the rate of translation of most proteins [21] [22] [23] . Blockade of the tryptophan sufficiency signal is also known to inhibit mammalian target of rapamacin (mTOR) and an isoform of protein kinase C [27] . The end result is effector T cell anergy and proliferation arrest, as well as regulatory T cell activation in vitro and in vivo.
Several tumors express IDO including colorectal, prostatic, ovarian, endometrial and breast carcinomas; glioblastomas and melanomas [28] [29] [30] [31] [32] . Elevated IDO protein both in tumor cells and in tumor-draining lymph nodes is associated with adverse clinico-pathological characteristics and worse outcome [29] [30] [31] [32] . Increased levels of IDO expression in colorectal and endometrial carcinoma have been associated with decreased CD3+ and CD8+ infiltrates [33, 34] . Additionally, in a humanized murine model, IDO expression in mesenchymal stem cells was associated with decreased tumor infiltrating T and B-cells in melanoma [35] . Ongoing phase 1 and phase 2 clinical trials are currently investigating the safety profile and efficacy of IDO inhibitors, alone or in combination with chemotherapy or other immunotherapies, in human refractory solid tumors.
Although the expression of IDO in BC and its potential as a target have been described using qualitative methods, the data are limited on the prevalence and prognostic value in hormone-receptor positive BC. Here, we objectively measured IDO1 protein levels in hormone-receptor positive breast cancer using a validated assay and quantitative immunofluorescence (QIF). We studied the association between IDO1 levels, key clinico-pathological features, tumor-infiltrating lymphocyte (TIL) levels and survival.
Methods

Patient cohort and tissue microarray construction
A retrospective, hormone receptor-positive (cases with positivity for estrogen and/or progesterone receptor by CLIA-cerified immunohistochemistry), stage I-III BC cohort (N = 362) was extracted from two Yale University BC collections and evaluated in 2-fold redundancy in tissue microarray (TMA) format. All tissues were collected from primary, untreated tumors, obtained at the time of mastectomy. Clinico-pathologic information from patients was obtained from clinical records and pathology reports. The major clinico-pathological characteristics are presented in Additional file 1: Table S1 . Tissue specimens were included in the corresponding TMAs as described [36] . Briefly, representative tumor areas were selected in hematoxylin/eosin-stained preparations by a pathologist and 0.6 mm cores were obtained using a needle and arrayed in a recipient block. Sections of the resultant tissue microarray are cut and transferred to glass slides for processing and staining. At time of collection for tissue microarray construction, cases with missing predictive biomarker data were retrospectively tested using CLIA-certified immunohistochemistry for estrogen receptor, progesterone receptor and HER2, and fluorescent in situ hybridization for HER2. Tissues were collected with specific consent or waived consent under the approved Yale Human Investigation committee protocol #9505008219.
IDO1 Antibody validation and western blot
Validation of IDO1 protein assay was performed by measuring the levels of enzyme in preparations of HEK293 cells with and without exogenous IDO1 expression, as shown in Schalper et al. [37] . Cell culture conditions have been previously reported [38] . IDO1-negative HEK293 cells transfected with a tetracycline-inducible expression vector containing the full-length human IDO1 sequence (T-REx™ System; Life Technologies, Grand Island, NY) were exposed to increasing doxycycline concentrations for 72 h. Cell lysates were prepared and untreated HEK293 cells were used as negative controls. HEK293 transfectants were kindly provided by Dr. Richard Metz (NewLink Genetics, Ames, IA). Western blots from cell lysates were performed following standard conditions and IDO1 protein was detected using the mouse monoclonal antibody clone 1F8.2 (Millipore, Billerica, MA) at 1 μg/ml. Samples were blotted using β-tubulin as loading control (1:5000 dilution, Cell Signaling Technology, Inc., Danvers, MA). Relative IDO1 levels were determined by measuring the pixel densities of immunoblot bands using ImageJ software 1.48v (National Institutes of Health, Washington, DC), and were normalized to β-tubulin.
Quantitative immunofluorescence and multiplexed TILs detection
Formalin-fixed, paraffin embedded (FFPE) samples from doxycycline-treated and untreated HEK293 IDO1 transfectants were included in a TMA and used for antibody validation using quantitative immunofluorescence (QIF). In addition, samples from human placenta were included as positive controls for endogenous IDO1. Fresh TMA cuts were deparaffinized at 60°C for 20 min, then incubated twice in xylene for 20 min. Antigen retrieval was performed with citrate buffer pH 6.0 at 97°C for 20 min in a pressure-boiling container (PT Module, Lab Vision, Thermo Scientific, Waltham, MA, USA). Endogenous peroxidase activity was blocked with 2.5% hydroxyl peroxide in methanol for 30 min, followed by blocking with 0.3% bovine serum albumin in 0.1 mol/L of Tris-buffered saline for 30 min at room temperature. TMA sections were incubated overnight at 4°C with the primary IDO1 antibody clone 1F8.2 (4 μg/ml) or 1 h at room temperature for progesterone receptor (PgR) antibody clone PGR636 (1:50, Thermo-Scientific), and a polyclonal rabbit anti-cow pancytokeratin antibody (1:100, Z0622, Dako North America, Inc., Carpinteria, CA, USA). Incubation for estrogen receptor (ER) antibody clone 1D5 (1:50, ThermoScientific) was performed for 1 h at room temperature, with mouse cytokeratin clone AE1/AE3 (1:100, M3515, Dako). Sections were then incubated for one hour at room temperature with Alexa 546-conjugated goat anti-rabbit secondary antibody (Molecular Probes, Eugene, OR, USA) diluted 1:100 in mouse EnVision amplification reagent (Dako), or Alexa 546-conjugated goat anti-mouse secondary antibody (Molecular Probes) in 1:100 rabbit Envision amplification reagent (Dako). Cyanine 5 (Cy5) directly conjugated to tyramide (Perkin-Elmer, Waltham, MA, USA) at 1:50 dilution was used for target antibody detection. ProLong mounting medium (ProLong Gold; Molecular Probes) with 4,6-diamidino-2-phenylindole (DAPI) was used to stain nuclei.
Validation and details of the multiplexing TIL protocol are presented in Brown et al. [39] . Briefly, fresh TMA cuts were deparaffinized and subjected to antigen retrieval using EDTA buffer (Sigma-Aldrich, St. Louis, MO, USA) pH = 8.0 and boiled for 20 min at 97°C in a pressure-boiling container (PT module, Lab Vision).
Slides were then incubated with dual endogenous peroxidase block (Dako) for 10 min at room temperature and subsequently with a blocking solution containing 0.3% bovine serum albumin in 0.05% Tween solution for 30 min. Staining for pancytokeratin, CD3 (or FOXP3), CD8, and CD20 was performed using a sequential multiplexed immunofluorescence protocol with isotype-specific primary antibodies to detect epithelial tumor cells (cytokeratin, clone M3515, 1:100, Dako), T lymphocytes (CD3 IgG, 1:100, clone E272, Novus Biologicals, CO), cytotoxic T cells (CD8 IgG1, 1:250, clone C8/144B, Dako), B lymphocytes (CD20 IgG2a, 1:150, clone L26, Dako) and T regulatory cells (FOXP3 IgG, 1:100, clone D2W8E, Cell Signaling Technology). Nuclei were highlighted using DAPI. Secondary antibodies and fluorescent reagents used were goat anti-mouse Alexa488 (1:100, eBioscience, San Diego, CA, USA), anti-rabbit Envision (Dako) with biotynilated tyramide/Streptavidine-Alexa750 conjugate (Perkin-Elmer), anti-mouse IgG1 antibody (1:100, eBioscience) with Cy3-tyramide (Perkin-Elmer), anti-mouse IgG2a antibody (1:200, Abcam, MA) with Cy5-tyramide (PerkinElmer). Residual horseradish peroxidase activity between incubations with secondary antibodies was eliminated by exposing the slides twice for seven minutes to a solution containing benzoic hydrazide (0.136 mg) and hydrogen peroxide (50 μl). Fresh whole-tissue section cuts from morphologically normal human tonsil were included in each staining batch as positive control and to assess the inter-experimental reproducibility.
Fluorescent measurement and scoring
QIF was performed using the AQUA (Genoptix Inc., Carlsbad, CA) method [40, 41] . Briefly, the QIF scores for IDO1 in the tumor and stromal compartments, and TILs in the stroma were calculated by dividing the target compartment pixel intensities by the area of cytokeratin positivity or by the area of absence of cytokeratin positivity with an expanded DAPI compartment, respectively. QIF scores were normalized to the exposure time and bit depth at which the images were captured, allowing scores collected at different exposure times to be comparable. All acquired histospots were visually evaluated and cases with staining artifacts or less than 1% tumor (cytokeratin staining) were excluded from the analysis.
Cut-point selection and statistical analysis
Median cut-point was used to stratify IDO1 and TILs protein scores in low and high statuses. Protein levels were compared using Mann-Whitney's test and linear regressions. Patient characteristics were compared using χ 2 test. Survival functions were compared using KaplanMeier estimates, and statistical significance was determined using the log-rank test. Overall survival (OS) data was available for all patients. Multivariate Cox proportional hazards models including age, tumor size, lymph node status and staging as covariates was built. Statistical analysis was carried out using GraphPad Prism v6.0 software (GraphPad Software, Inc., La Jolla, CA, USA) and JMP 11 software (SAS Institute, Cary, NC, USA). All P values were based on two-sided tests, and all values under.05 were considered statistically significant.
Results
As recently shown by Schalper et al. [37] , the IDO1 detection assay was validated by measuring the levels in exogenous/inducible expression systems and human control samples. The reproducibility of IDO1 measurement using QIF was high, with a linear regression coefficient (R 2 ) between independent experiments of 0.97 in serial tissue microarray (TMA) sections (Additional file 1: Figure S1 ). Figure 1 illustrates representative cases with different IDO1 protein levels. Staining was predominantly observed in the tumor compartment, with cytoplasmic/perinuclear pattern. As shown in Fig. 2 , hormone receptor-positive BCs, showed a wide range of IDO1 expression and the target was detected in 276 of 362 cases (76.2%). There was a moderate association between scores measured in different tumor areas/cores (Fig. 2 inset, R 2 = 0.3), indicating heterogeneity of expression. There was a positive correlation between IDO1 scores in the stromal compartment and tumor cells (Additional file 1: Figure S2 , R 2 = 0.56). There were no associations between IDO1 levels and age, tumor size, histologic grade, nuclear grade, lymph node status or stage (Table 1) . Comparison with retrospective data from our group revealed no association between ER and PgR and IDO1 expression at the protein level in HR+ BC cases (R 2 = 0.001 and R 2 = 0.004, respectively; data not shown).
Tumor-infiltrating lymphocyte (TIL) scores for CD3 and CD8 showed the highest dynamic range in hormone receptor-positive breast cancer cases (Additional file 1: Figure S3 ). Additional file 1: Figure S4 shows representative microphotographs of cases with low and high levels of TILs. Elevated IDO1 was observed in tumors with low CD20 levels (P = 0.0004, Fig. 3c ). There were no significant associations between IDO1 and CD3 or CD8 scores ( Fig. 3a and b, respectively) , however, there was a trend for higher IDO1 in CD3-low cases (P = 0.05). When IDO1 levels in the stromal compartment were stratified by TILs abundance, there were no significant associations (Additional file 1: Figure S5 ). Additional file 1: Figure S6A shows a representative microphotograph of T regulatory cell detection in HR+ BC by assessing FOXP3. FOXP3 levels presented a decreased dynamic range of signal, compared to other TILs makers (Additional file 1: Figure S6B ). When IDO1 scores where stratified by FOXP3 status, there were no significant associations in tumor or stroma (Additional file 1: Figure S6C and D, respectively).
In univariate Kaplan-Meier survival analysis, elevated IDO1 protein was associated with lower 20-year overall survival (log-rank P = 0.02, HR = 1.39, 95% C.I.: 1.05-1.82, Fig. 4 ). IDO1 scores were independently associated with overall survival in a multivariate Cox proportional hazards model including age, tumor size, lymph node status and stage (Table 2) .
Discussion and conclusions
Herein we report the use of a validated and reproducible assay for IDO1 protein measurement coupled to QIF in FFPE breast cancer samples. We found IDO1 protein expression in the majority of hormone receptor-positive breast tumors and negative prognostic value.
A recent article by Isla Larrain et al. [42] addressed IDO protein expression in breast cancer by qualitative chromogenic immunohistochemistry (IHC) using a commercial antibody (clone not specified). They found high IDO levels across all breast cancer subtypes, together with an association with features of aggressiveness. In contrast, a study by Soliman et al. [43] , using anti-IDO antibody clone 10.1 from Millipore and semiquantitative evaluation by 2 pathologists, found higher IDO scores in ER-positive tumors. Additionally, they found that with medium/high IDO expression in ER-positive cases correlated with increased 5-year OS. This apparent discordant result is not uncommon in the pathology/biomarker literature due likely to variability in antibody performance [44] and subjective analysis of expression. None of the aforementioned reports, provided stringent assay validation data.
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DAPI / CK Estrogen signaling has been shown to increase interferon-gamma and IDO expression [45] [46] [47] [48] . Although high IDO levels have been found in estrogen receptor positive breast cancer [42, 43] , other features associated with increased interferon-gamma signaling, such as PD-L1 expression [49] and increased tumor infiltrating lymphocytes [50] have not been linked to this breast cancer subtype. We found decreased B-cell (CD20+) infiltrates and a trend for lower T-cell (CD3+) levels in cases with high IDO1 in tumor, but not in stroma. These findings are in accordance with previous studies in colorectal [33] and endometrial carcinomas [34] , where IDO expression in tumor cells was negatively correlated with T-cell infiltration. We also found no difference in IDO1 protein expression between cases with low and high levels of T regulatory cell infiltration, as measured by FOXP3, similar to Soliman et al. [43] . Moreover, in a humanized murine model [35] , induction of IDO expression in mesenchymal stem cells was associated with a 70% reduction in CD3+ cells in melanoma, along with lower B-cell numbers in the tumor microenvironment. In node negative breast cancer, higher levels of expression of a B-cell metagene signature were associated with improved prognosis in 3 datasets [51] . Regarding the functional state of B-cells and IDO expression, data available come from autoimmune disease models. In experimental recurrent arthritis [52] , treatment with the IDO inhibitor 1-methyltryptophan (1-MT) inhibited the differentiation of autoreactive B-cells into antibodysecreting cells, but not the initial steps of activation or survival. In experimental autoimmune myasthenia gravis (EAMG), Adikari et al. [53] showed that treatment with interferon-γ-induced dendritic cells protected rats from weight loss and muscle weakness, and was associated with decreased number of plasma cells and cells expressing Bcell activating factor (BAFF). Addition of 1-MT resulted in exacerbation of EAMG symptoms. This suggests that IDO exerts tight control on B lymphocytes, especially over the population reactive to self-antigens, which might be the case of intratumoral B cells. Nevertheless, a recent report from our group in non-small cell lung cancer [37] found a significant, positive association of IDO1 protein expression with CD3+, CD8+ and CD20+ infiltration. Taken together, these data suggest a role of hormone receptor signaling in the regulation of the inflammatory milieu in the tumor microenvironment beyond interferon-gamma upregulation, possibly through prostaglandin E2, TNF-alpha, TGF-beta, IL-6 and CCL5 [37, 54] . Further studies would have to test this hypothesis. While the prognostic role of IDO1 might be of limited clinical value, it has the potential to depict a subset of breast carcinomas that are more likely to benefit from anti-cancer immunostimulatory agents targeting IDO1. Prediction of response to therapy using tissues could be carried out at 2 levels. In the tumor microenvironment, tumor cells can constitutively express IDO or upregulate it in response to signals, such as interferon-gamma and estrogen receptor signaling, resulting decreased local anti-tumor response [21, 46, 47] . In hormone receptorpositive breast cancer, which characteristically shows lower levels of immune cell infiltration and expression of interferon gamma-induced molecules, such as PD-L1, the tumor compartment will probably have the highest levels of IDO expression. Additionally, IDO1-expressing dendritic cells might promote anergy and arrest of effector T cells and activate T regulatory cells in tumordraining lymph nodes [24] [25] [26] . Moreover, the combined measurement of IDO and PD-L1 as well as other immune targets could support more directed immunotherapy treatments to guide clinical trials. Future studies will have to assess both tumor and tumor-draining lymph nodes for usage in companion diagnostics.
While our dataset is larger than previous studies and quantitative, it also has a number of limitations. One major limitation is that it includes only retrospectively collected tissues with different treatments and variable follow up. However, IDO1 status proved to be independent predictor of outcome, suggesting a prominent biological role. Significance is only seen in analysis of overall survival, although this may be due to the lack of data on recurrence free survival (and hence an underpowered analysis). A second issue is that the use of TMAs can underestimate or overestimate the levels of IDO1 due to tumor heterogeneity. We attempted to address this problem by testing 2 tumor cores from different regions of the tumors. We found that IDO1 is heterogeneous but shows a positive correlation between the regions sampled. Ultimately, these observations will need to be validated on conventional whole tissue sections. Lastly, our study did not include tissues from patients treated with IDO inhibitors as single-therapy or [59] , urothelial [60] and non-small cell lung carcinomas [61] . In summary, the measurement of IDO1 in hormone receptor-positive breast cancer has the potential to identify a population that might derive benefit from IDO1 blockade. Our study describes a method for objective and reproducible measurement IDO1 in formalin-fixed, paraffin embedded tissues with validated antibodies. We hope this work will support future efforts to test the association of tumor IDO1 expression and response to IDO targeted therapy in hormone receptor-positive breast cancer.
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